Abstract-A simple and computationally inexpensive analytical approach to the evaluation of the short-term fading depth dependence on system bandwidth and environment characteristics is proposed. The approach, accounting for the maximum difference in propagation path length and having the Rice factor as a parameter, is derived from fitting simulated data from a model in the literature. Application examples are presented for global system for mobile communications (GSM), universal mobile telecommunications systems (UMTS), high-performance radio local area network (HIPERLAN), and mobile broadband systems (MBS), which give some insight into the fading depth observed under different conditions regarding system bandwidth and environment characteristics. Macro, micro, and picocell environments are considered. In the microcellular environment, the fading depth experienced by UMTS is below the one for GSM by 0.1 to 5.5 dB, while in the picocellular one, the difference between GSM and UMTS is not significant, being almost independent of environment characteristics. When considering HIPERLAN or systems with larger bandwidths, the fading depth, both in micro and picocellular environments, is smaller than the one verified by UMTS; however, there is an increased dependence on environment characteristics. In the macrocellular environment, the fading depth experienced by UMTS is about 6 to 11 dB below the one for GSM. Hence, different short-term fading margins should be considered for each system and working environment.
I. INTRODUCTION
T HE PERFORMANCE of a communications system operating in a multipath-fading environment depends on a huge set of parameters, namely the received power. Since the received signal fades, it is necessary to provide additional power (fading margin) in order to achieve the desired link quality. Moreover, the necessary short-term fading margin depends on the system bandwidth; hence, for different systems working within typical environments, different fading margins should be considered in order to achieve the desired link quality. When performing link budget calculations, fading margins are always accounted for, since a pure average or deterministic behavior is not acceptable.
Overestimating fading margins leads to shorter cells or to higher transmitting powers (thus, higher interference). None of these effects are good, but they can be overcome by taking more accurate values for the fading margins.
The received signal-level characteristics in mobile communication systems, such as global system for mobile communications (GSM), are already well known [1] . Nowadays, much of the research on mobile communication systems is focused on wideband transmission, aiming at satisfying the growing demand for new and better quality services, providing high data rates, such as multimedia ones [2] . Existing systems, e.g., universal mobile telecommunications system (UMTS) and highperformance radio local area network (HIPERLAN), and future ones, mobile broadband systems (MBS), work or are intended to work in the frequency range from 2 to 60 GHz, with bandwidths ranging from a few to several tenths of MHz [1] . These systems are quite different in nature; the first, GSM, is a secondgeneration mobile communications system that has been operational for several years and is already well studied. UMTS and HIPERLAN are third-generation systems; the former is intended to be a natural replacement of the GSM network, while the latter is intended to be a natural replacement for local area networks (LANs). MBS is seen as a natural evolution from thirdgeneration systems such as UMTS and a wireless extension of the fixed broadband-access network, giving users access to wireless broadband services. From the point of view of fading depth, these systems distinguish among themselves in basically two ways: the carrier frequency and the channel bandwidth. While the influence of the carrier frequency is negligible, apart from the period of fades, channel bandwidth has a large influence on the short-term fading behavior of the system. Moreover, since these systems are intended to work in different environments, one also has to account for the influence of physical and geometrical environment characteristics.
Therefore, the study of the signal level at the receiver in wideband transmission systems in different environments is a key issue for the development of existing systems, as well as for the design, assessment, and implementation of future ones.
The proposed approach is based on a theoretical model for the study of wideband signal transmission as proposed in [3] . The model clarifies the fundamental characteristics of signal behavior through the theoretical and experimental investigation of the signal-level variation at the receiver. The model incorporates physical parameters such as the number and magnitude of arriving waves, the propagation path length, the signal bandwidth, and the carrier frequency. An expression for the received signal level, under nonline-of-sight (NLoS) conditions, is derived and examined for various values of propagation parameters. A generalization of this model to the line-of-sight (LoS) case and the introduction of a new propagation parameter, the equivalent received bandwidth , defined as the product between the system bandwidth and the maximum difference in propagation path length, is presented in [4] - [6] . It was shown that this new parameter is closely related to the fading depth.
In this paper, a simple and computationally inexpensive analytical approach to the evaluation of the fading depth dependence on system bandwidth and environment characteristics is proposed. This approach, having the Rice factor as a parameter, is derived by fitting simulation data obtained from the model in [4] . The paper is organized as follows. The model description and some simulation results are presented in Section II. The analytical approximation is described in Section III. Applications examples, which give some insight into the fading depth behavior for different sytems, e.g., GSM, UMTS, HIPERLAN, and future MBS ones, working in macro, micro, and picocellular environments are shown in Section IV. Conclusions are drawn in Section V.
II. FADING MODEL
The model proposed in [4] assumes that multipath waves arrive at the receiver under the following conditions. Each of the arriving waves ( reflected and/or diffracted waves, plus an LoS one) has a path length , these being independent and uniformly distributed within a given range. The angles of arrival, , are independent and uniformly distributed on a horizontal plane over an angle of 2 . Each arriving wave has magnitude , which is also independent and uniformly distributed within a given range. The magnitude of the LoS wave is and its path length is the minimum path length of all arriving waves. The bandwidth of each arriving wave is greater than the receiver bandwidth (2 , centered at the carrier frequency ) and the power spectral density is assumed to be flat and centered on . Thus, the received signal power can be obtained from [4] ( 1) where is the speed of light and represents the path-length difference between the th and th arriving waves.
A new propagation parameter, the equivalent received bandwidth defined as the product between the system bandwidth 2 and the maximum possible difference in the propagation path length among different arriving components , , thus, reflecting the influence of system bandwidth and environment characteristics, is also proposed in [4] . The value of depends on the radius of the cell, hence, even for the same system bandwidth, the signal level distribution depends on the type of the considered cellular environment.
One must remember that the narrow-or wide-band nature of the propagation channel depends not only on the system bandwidth, but also on the root-mean-square (rms) delay spread of the propagation channel. Thus, in order to normalize the variation properties of the received signal, one needs suitable parameters. One of these parameters is defined as the product between the system bandwidth and the rms delay spread of the propagation channel. However, according to [5] , this parameter, while being unnecessarily complicated, is not well suited for expressing the variation properties of the received signal, especially in the case of LoS.
The equivalent received bandwidth, while allowing to normalize the distribution of the received signal level through narrow-and wide-band transmission, can be easily derived from the environment characteristics. The maximum possible difference in the propagation path length is related to the value of the rms delay spread of the propagation channel. However, its value depends on the minimum effective magnitude of the arriving waves, which influences the signal behavior [5] , [6] . Results on the validation of the equivalent received bandwidth to characterize the received signal-level distribution trough experimental measurements in outdoor environments and simulation were presented in [6] and a good agreement was verified.
The relationship between this new parameter and the fading depth is evaluated and it was found that they are closely related. Globally, it can be stated that the fading depth decreases as increases. One must note that the proposed model is adequate for modeling the propagation channel in outdoor urban environments. Hence, its applicability to the case of indoor ones must be assessed through measurements. Nevertheless, simulation data for the case of indoor picocellular environments is also derived.
In order to assess the fading depth dependence on as a function of , several computer simulations were carried out. The carrier frequency was set to 60 GHz (a candidate for MBS). Different carrier frequencies can be used for the different systems. However, according to [3] , the fading depth is practically independent of the carrier frequency; therefore, the results derived in this paper can be applied to systems operating at different carrier frequencies. Moreover, the usage of different carrier frequencies does not introduce additional information from the point of view of the applicability of the proposed approach. As proposed in [5] , the number of reflected and/or diffracted waves is fixed as and the minimum effective magnitude of arriving waves is 20 dB relative to the maximum magnitude of the indirect arriving waves.
ranges from 0.01 to 100 000 MHz m and different values of are considered (0, 3, 5, 7, 10, and 20 dB). Under these conditions and for each combination of and , 10 000 points are evaluated from (1). The fading depth is computed as the difference in signal power corresponding to and 50% of the cumulative distribution function (cdf) of the received power.
The fading depth presents some randomness due to the random behavior of some parameters. In order to reduce this inherent randomness, several simulations were carried out for each combination of and . The mean value of the fading depth is computed as the mean value obtained from each From the results, it can be observed that the fading depth is almost constant until a specified value of is reached, which is designated as , after which it decreases as increases. This breakpoint value depends on increasing as it increases. For the same value of , the fading depth becomes shallower as increases; this is not surprising, since an increase in corresponds to an increased contribution of the LoS wave, hence, reducing the influence of the reflected/diffracted ones. Concerning the dependence on , one can see that, as expected, the fading depth decreases as increases. One must note that defines the width of the fading depth measurement interval, a larger value of representing a narrower fading depth measurement interval.
The rate at which the fading depth decreases for values of above the breakpoint depends on both and decreasing as these parameters increase. Regarding , when the contribution of the LoS component becomes more significant (higher values of ), the decreasing rate goes smaller. Hence, the power at the receiver becomes less sensitive to , i.e., there is a weaker dependence on system bandwidth and environment characteristics. Concerning the dependence on , as it increases the fading depth observed for decreases and the breakpoint value increases. However, the increase in the breakpoint is not significant when compared to the decrease in fading depth, which causes the reduction in the decreasing rate.
III. ANALYTICAL APPROXIMATION
From the analysis of the simulated data, one can extract that the fading depth, measured between and 50% of the cdf of the received signal power, can be approximated by (2) where is the fading depth measured between and 50% of the cdf of the received power and is the breakpoint, defined as the value of for which the fading depth starts to decrease, as previously referred. Functions , , , and must be chosen to be simple enough, in order to not unnecessarily increase the mathematical complexity of the proposed approach while allowing a good fit between (2) and the simulated data.
Using a simplified notation, from now on, whenever there is no confusion about the value of and the dependence on , functions , , , and are referred to as , , , and , respectively. The breakpoint value is assumed to be 4 and 10 MHz m for equal to 0.1 and 1%, respectively.
For each value of , the fitting process consists in the evaluation of , , , and that fit the simulated data as a function of . The results obtained for are presented in Table I .
The root mean square error and mean relative error are evaluated from where corresponds to the value obtained from simulation and to the one estimated from (2). The parameter stands for the number of interpolation points.
As one can see from Table I , the relative error and the root mean square error are perfectly acceptable, ranging from 0.7 to 0.5% and 0.03 to 0.16 dB, respectively. The error standard deviation is not presented, since its values are similar to those of the root mean square error. One can then conclude that the error from this approximation is negligible.
From the analysis of Table I , one can note that the fitting of , , , and as a function of can be obtained from
where parameters { } and { } depend on the value of . The parameters and , derived from the fitting of data for , are presented in Tables II and III. As described, the complete fitting process for each value of consists of the following steps:
Step 1) Find , , , and that minimize the mean square error between (2) and the simulated data, for the given values of ;
Step 2) Find and that minimize the mean square error between (5) to (8) and the values of , , , and obtained in Step 1. As one can see from Tables II and III, the relative error and the root mean square error are acceptable. The error deviation is not presented for reasons similar to the previous case.
With the parameterization of , , , and , the fading depth for each value of can be evaluated from (2). The result from this evaluation corresponds to the solid lines in Fig. 3 , dots representing the simulated data.
The relative error is depicted in Fig. 4 . It must be noted that as the fading depth approaches zero, the relative error tends to infinity. However, these values are not significant since they only represent a variation around a fading depth value that is virtually zero. In general, it can be stated that the approximation error is comprised between 5.0 and 5.0%, for the range of interest.
Although the results derived in this section are obtained for , the proposed approach remains still valid for any value of comprised between 0.1 and 50%. However, one must be aware that the parameterization of (2) and (5) to (8) depends on the fading depth measurement interval; hence, a different parameterization is needed if one considers a different value for . Results for different values of can be found in [7] .
IV. APPLICATION EXAMPLES

A. General Considerations
Once correctly parameterized, the evaluation of fading depth from (2) is straightforward. The result from this evaluation can be used to predict typical values of the fading depth for different systems working in typical environments, characterized by their morphological and physical properties. Within these environments, different systems are considered: GSM, UMTS, HIPERLAN, and MBS1 and MBS2 standing for possible fourth-generation systems (Table IV) . As previously referred, fading depth is practically independent of the carrier frequency. Hence, one uses fading depth curves derived in the previous section for evaluating fading depths observed by different systems in different environments. Different fading depth curves obtained from considering different carrier frequencies could be used; however, it does not introduce a significant improvement in accuracy (as previously mentioned, fading depth is practically independent of the carrier frequency), while being computationally expensive.
B. Microcellular Environment
The first environment to be considered (see Fig. 5 ) is a typical microcellular one, an urban street about 1 km long. The base station (BS) is positioned above rooftops at 25 m height and the mobile terminal (MT) can move along the street axis, in the middle of the street, at 1.5 m height. As an illustrative example, only first-order reflections from walls and the ground are considered (two-path model). This model has been found to be appropriate for LoS microcellular urban environments [8] . For simplification, BS and MT antennas are assumed as isotropic and no polarization influence is considered.
In order to assess fading depth dependence on the street width, it is assumed that it can range from 15 to 60 m. Within this environment, the maximum difference in propagation path length at the distance between BS and MT results from a wall reflection and can be evaluated from the path length difference between the LoS component and the reflected one (9) where and correspond to the BS and MT heights, respectively, and is the street width. Note that, depending on the street width and on BS and MT antennas positioning and characteristics, the maximum difference in propagation path length difference can result from a floor reflection rather than a wall one, meaning that a new equation for has to be derived. Although HIPERLAN and MBS are intended to work mainly in picocellular environments, they are considered here since one can assume that for lower values of , the conclusions derived for the microcellular environment can be applied with some restrictions to the case of a picocellular one. The results corresponding to larger distances can also be useful, if one considers the study of future implementations of HIPERLAN and MBS within microcellular environments.
In order to gain some insight into fading depth dependence on the street width, as a function of , three distinct situations are considered, , 500, and 1 000 m. The first yields the best results regarding fading depth, since smaller fading depths are usually verified near the BS; the last one corresponds to the worst case, which occurs when the MT is in the vicinity of the cell range, assumed as 1 km long. Fig. 6 illustrates the results for m. The gray zones associated to each system correspond to the possible values of for a street width ranging from 15 to 60 m. It should be noted that the leftmost part of each gray zone corresponds to narrower streets within the considered interval.
For a given value of , e.g., dB, one can extract values for the fading depth depending on the street width, the system bandwidth, and the distance between the BS and the MT, as presented in Table V and illustrated in Figs. 7 and 8 .
When the MT is several hundred meters away from the BS, e.g., m and m and for a street width of 15 m, a fading depth of about 11 dB is observed for each of the considered system bandwidths. For wider streets, e.g., m, the dependence on system bandwidth becomes more significant; one can observe that, when is comprised between 500 and 1000 m, the fading depth experienced by HIPERLAN, MBS1, and MBS2 is below the one for GSM by 2.2-4.1, 4.3-6.2, and 6.2-7.6 dB, respectively. If one considers UMTS, there is no significant dependence on street width and the observed fading depth is approximately the same as for GSM.
Considering the MT in the close vicinity of the BS, e.g., m, the dependence of fading depth on system bandwidth 
C. Picocellular Environment
To illustrate a possible application to the case of a picocellular environment, one can consider a square room with the BS positioned in its middle. A geometrical-based approach, such as the one used for the microcells, can be applied in order to evaluate the value of , depending on the MT position in the room. However, for illustrative purposes, it seems reasonable to assume a value of equal to the room width. This results from considering that the scattering objects are placed around the BS within a radius of about one half of the room width [9] . The gray zones in Fig. 9 correspond to the possible values of for a room width ranging from 5 to 10 m. The leftmost part of each gray zone corresponds to smaller rooms.
From Table VI one can observe that, in the considered picocellular environment, the fading depth experienced by UMTS and GSM is similar and that the dependence on room width is not significant. HIPERLAN, MBS1, and MBS2 experience fading depths of 3.1-5.1, 5.2-6.9, and 6.9-8.2 dB below the ones for GSM, depending on the room width. As previously, one concludes that different fading margins should be considered.
D. Macrocellular Environment
Within a macrocellular environment, the existence of LoS is not usually assumed. However, from the work presented in [4] , one can conclude that under NLoS the fading depth is about 1 to 2 dB greater than the one obtained with dB. So it seems that the proposed approach can be applied to the case of a macrocellular environment, with the results for dB resembling the case of NLoS. Basically, it corresponds to consider that the Rayleigh distribution is reasonable approximated by the Rice one for that value of .
A simple approach to the evaluation of can be performed by assuming that the relevant scattering objects are positioned within a radius of about 100 to 800 m around the MT [9] . With this assumption, the maximum difference in propagation path length can be calculated as twice the radius of the scattering environment .
The gray zones in Fig. 10 correspond to the possible values of for a scattering radius ranging from 100 to 800 m. The leftmost part of each gray zone corresponds to the smaller scattering radius.
Assuming that there is usually NLoS between the transmitter and receiver, the results in Table VII illustrate the difference between the fading depths observed by GSM and UMTS in this environment. While for GSM typical values of fading depth are between 7.8 and 15.8 dB, for UMTS a value of 1.9 to 4.7 dB is achieved. Hence, the difference between UMTS and GSM is around 5.9 to 11.1 dB, depending on the radius of the scattering environment. Besides the dependence on , under LoS this difference is smaller than the one for NLoS, nevertheless, being still of the order of several decibels. Thus, a lower fading margin must be considered for UMTS. HIPERLAN, MBS1, and MBS2 are not mentioned here, since these systems are not intended to work in macrocellular environments.
V. CONCLUSION
In this paper, a method for deriving the fading depth as a function of the equivalent received bandwidth and the Rice factor, from a simple analytical approximation, is presented. The proposed equation is derived through the fitting of simulated data from a model in the literature [4] , thus, overcoming the need for heavy computer simulations or huge database management every time a fading depth value has to be calculated within a given environment and for a specific system bandwidth. From outdoor measurements in [3] and [6] , it seems that the channel model proposed in [4] (in which the proposed approach is based) is appropriate for modeling the wideband propagation channel in outdoor environments. However, there is not much available data from wideband measurements in different environments, namely indoors; hence, a big effort has to be made in order to access the applicability of the proposed model to different environments and working frequencies. Nevertheless, it seems that the proposed approach, based on the model in [4] , is useful for modeling the propagation channel; hence, for fitting results from measurements.
Some application examples are presented. An urban street is used as a typical microcellular environment and the fading depth dependence on the street width and on the distance between the BS and the MT is evaluated for a set of typical system bandwidths. Pico and macrocellular environments were also considered.
In the microcellular environment, when the MT is several hundred meters away from the BS, the difference in fading depth between UMTS and GSM is practically independent of the street width and is not significant. However, if one considers HIPERLAN or MBS, this difference increases and becomes dependent on the street width, with the lower values of fading depth being observed for wider streets. At smaller distances between the MT and BS, there is an increased dependency on street width. The difference between UMTS and GSM, for a value of dB, is about 0.7-5.5 dB for a street width ranging from 15 to 60 m. Also, HIPERLAN and MBS experience lower fading depths than the ones observed at larger distances.
Within the picocellular environment, the fading depth experienced by UMTS and GSM is similar and the dependence on room width is not significant. However, HIPERLAN and MBS experience fading depths that are several decibels below the ones for GSM and significant dependence on room width is observed, with the larger values of fading depth being observed for smaller rooms.
In the macrocelullar environment, the fading depth experienced by UMTS is well below that of GSM. Globally, it can be stated that the fading depth in UMTS is about 6 to 11 dB lower than the one observed for GSM, for a scattering environment radius ranging from 800 to 100 m, respectively.
As a final conclusion, one can state that, as expected, the fading depth depends not only on the environment characteristics but also on the system bandwidth. Globally, in a given environment, the fading depth decreases as the system bandwidth increases. Therefore, this decrease should be considered, allowing a more accurate power budget evaluation and, thus, enabling a better and less costly radio network planning.
